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Abstract 9 
Catalytic converters with non-linear channel structures were prepared using 3D printing and tested in the 10 
oxidation of methane in a simulated dual-fuel engine exhaust stream. The design used a simple repeating angular 11 
offset between adjacent layers, which was sufficient to introduce complexity with minimal software 12 
programming. All 3D printed substrates were mechanically stable and, following washcoating with a composite 13 
catalyst, demonstrated higher catalytic activity in methane oxidation than a commercial honeycomb substrate. 14 
The methane conversion at e.g. 510 °C was 12.6% on the commercial sample, 72.6% for 90 °, 80.1% for both 15 
30 ° and 45 °, and 89.6 % for the 60 ° oriented structures. This enhancement is attributed to the increased 16 
turbulence/mass transfer and surface area than are possible using conventional straight-channelled substrates. 17 
Computational fluid dynamics (CFD) analysis confirmed that the higher methane conversion over 3D printed 18 
substrates is due (at least partially) to its higher turbulence kinetic energy. Backpressures over the 3D printed 19 
structures were also experimentally measured and compared with the conventional honeycomb monolith.  20 
 21 
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 23 
1. Introduction 24 
Diesel engines are preferred for heavy-duty applications such as domestic and commercial transportation due 25 
to their durability, fuel efficiency and higher power density. However, these engines greatly contribute to 26 
environmental pollution caused by harmful exhaust emissions[1]. The main pollutants from diesel engines are 27 
CO, CO2, unburnt hydrocarbon, NOx and particulate matter (PM) which have an adverse effect on the natural 28 
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environment, land, water, air and, therefore, human health[2]. In 2012, the emissions from diesel engine exhaust 29 
were classified as carcinogenic to humans by the International Agency for Research on Cancer (IARC), which 30 
is part of the World Health Organization (WHO)[3]. Stricter new regulations on exhaust emission and depletion 31 
of fossil fuel resources have forced companies to utilise an alternative fuel and/or technology to overcome this 32 
problem. Supplementary fuels such as LNG[4], LPG[5], CNG[6], biogas[7], methanol[8], hydrogen[9], and 33 
ammonia[10] have been studied in dual fuel diesel engines, in which LNG and CNG have attracted the greatest 34 
attention due to their cost-effectiveness and environmental benefits[11]. Natural gas, which contains mostly 35 
methane, is a promising alternative fuel for the transportation sector because it is available at a lower price and 36 
produces lower carbon emissions. It has the lowest carbon to hydrogen ratio of any hydrocarbon and, therefore, 37 
produces less CO2 and nearly zero smoke or PM, which is almost impossible in diesel-only engines. Moreover, 38 
it significantly reduces the NOx emission by approximately 50–80%[12]. Other advantages of natural gas 39 
include its higher octane number, which means the gas burns hotter and, therefore, can reduce the knocking 40 
effect, especially in diesel engines where the compression ratio is relatively high[13]. Furthermore, it has better 41 
mixing with air, causing uniform temperature distribution and higher thermal efficiency, which can only be 42 
achieved on diesel engines at high loads[14]. However, one of the main drawbacks of using natural gas in dual 43 
fuel engines is higher emission of carbon monoxide and unburnt methane from the engine known as “methane 44 
slip”. This phenomenon is more dominant at low to medium loads. It has been reported that around 90% of the 45 
total hydrocarbons (THC) emissions in a CNG/diesel dual fuel engines are unburned methane[6]. The amount 46 
of methane emission on a marine vessel with a LNG/diesel dual fuel engines was reported to be around 7 g.kg-47 
1 LNG at high load, rising to 23-36 g.kg-1 LNG at lower loads.  48 
One practical solution to effectively reduce emission content in the exhaust is to use a catalytic converter. 49 
Catalytic converters are made of ceramic or metal substrates coated with active catalysts which are widely used 50 
in environmental applications such as three-way catalyst (TWC) for CO and hydrocarbon oxidation and 51 
selective reduction of NOx in small engines; elimination of volatile organic compounds (VOCs) and other 52 
organic compounds; hazardous air pollutants (HAPs); and odorous emissions from gaseous effluents[15].  53 
In the auto industry, the common catalyst support for exhaust gas treatment has a monolithic honeycomb 54 
structure with a series of parallel tubes and cell density ranging from 300 to 1200 CPSI (cells per square inch). 55 
The main reasons that the monolithic honeycomb support is still the first choice for catalyst support in the 56 
exhaust after-treatment systems are: available and cost-effective extrusion technology; straightforward 57 
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washcoating methods; flexibility in cell design; low-pressure drop; and good heat and mass transfer rates [16]. 58 
Generally, an ideal monolith with high efficiency should have the following criteria: 1) high surface area to 59 
volume ratio; 2) high penetrability with low back pressure; 3) high mechanical strength; 4) low thermal 60 
expansion; 4) high-temperature shock resistance; 5) corrosion resistance; 6) chemical inertness[17]. However, 61 
having all these properties in one package is extremely challenging, and even the best commercial products 62 
cannot meet all these criteria. 63 
Ceramics are the most frequently used materials for manufacturing monolith. Different ceramic materials such 64 
as aluminium titanate (Al2TiO5), calcium titanate (CaTiO3) and silicon carbide (SiC) have been used[18], yet 65 
cordierite, with the chemical composition of 2MgO.2Al2O3.5SiO2, has become the material of choice owing to 66 
its relatively low thermal expansion coefficient and high thermal shock resistance[19].  67 
The channel size and structure of the substrate play an important role in the overall performance. The channels 68 
of the most common substrates typically have square, circular or triangular shaped cross-sections that extend in 69 
one dimension, similar to a honeycomb structure. These channels provide space for the flow of gases and/or 70 
liquids that interact with the active catalyst dispersed on the channel walls via washcoating.[20] Figure 1 shows 71 
the relation between wall thickness (w), repeat distance (s), and cell density (N) which is defined as channels 72 
per unit of cross-sectional area in inches (CPSI). Other parameters such as open frontal area (OFA) and catalyst 73 
loading areas (GSA) can be calculated from w and s. 74 
 75 
Figure 1. Relation between monolith structural parameters. 76 
 77 
Ceramic substrates with CPSI in the range 25-1200 have been manufactured but the most common range for 78 
automotive catalytic converter applications is 400-900 CPSI and 0.004 in (0.1 mm) wall thickness[17]. Ultra-79 
thin wall (UTW) ceramic substrates with 900-1200 CPSI and 0.002 in (0.05 mm) wall thickness have been also 80 
manufactured and tested. It has been shown that the UTW substrates provide the possibility of reducing the 81 
costs of the exhaust system by reducing the amount of precious metals and/or reducing the catalyst volume. 82 
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However, these substrates have lower mechanical strength and shorter lifespan due to being more prone to 83 
damage[21].  84 
Metallic monolith structures have been manufactured as catalytic converter supports. These substrates can be 85 
made with thinner walls and bigger open frontal areas close to 90%, allowing a lower pressure drop. The material 86 
used in metallic substrates are commonly ferritic stainless steel alloy with chrome, aluminium and rare earth 87 
metals. Typical CPSI values for these metallic monoliths lie in the range 400-600 CPSI with 0.002 in wall 88 
thickness[16]. Another advantage of metallic monoliths is their high thermal conductivity and low heat capacity, 89 
which allow faster heating during the engine start-up thereby minimising the light-off time[22]. It is also 90 
possible to construct the channels with corrugated foils to induce turbulent flow and increase the mass transfer 91 
and therefore catalyst efficiency[23]. One of the main disadvantages of metallic monoliths is their higher 92 
manufacturing cost. The thermal expansion coefficient is much greater for metallic substrates which means they 93 
require special bonding techniques to adhere washcoat onto the metal surface[24]. 94 
Another technology that has been developed to improve the efficiency of catalytic converters employs a 95 
periodical reversal of gas flow through the catalyst. This technology traps the heat energy from inside the 96 
monolith to increase the catalyst operating temperature. This has been used in the purification of industrial off-97 
gases containing VOCs[25]; oxidation of methane and CO emitted from dual LNG dual-fuel diesel engines[26, 98 
27]; NOx reduction from diesel engines; and emission control during cold start of automotive engines[28]. The 99 
main drawback is that the performance of the system strongly depends on the temperature of the exhaust and 100 
catalytic reactor. It has been reported that the technology fails to operate efficiently if the reactor temperature 101 
or concentrations of HC and CO are too low[27]. 102 
Introducing turbulent flow is a promising approach to increase catalytic converter efficiency and/or facilitate a 103 
more uniform temperature profile across the catalytic converter[29, 30]. In a conventional extruded monolith, 104 
the flow in the frontal section is a jet flow; however it is fully laminar inside the narrow channels,. It is well 105 
known that in laminar flow the catalytic reaction is diffusion limited; therefore, different methods have been 106 
proposed to increase turbulence in the inlet flow (not inside the channels). One method is to add a device before 107 
the monolith to induce turbulence to the gas, prior to entering the channels. Agrawal et al.[31], showed that the 108 
turbulence device with a swirl blade configuration is effective in improving the conversion efficiency of the 109 
catalytic converter, with lower backpressure relative to other configurations. 110 
      
 
Page 5 of 20 
 
Another approach is to create the turbulent flow inside the channels. Figure 2 shows two structures which was 111 
proposed by Brük et al. [32], longitudinal structure (LS) and perforated structure (PS). In the LS structure, the 112 
monolith is divided into disks that lie perpendicular to the direction of gas flow to generate turbulence on the 113 
frontal section of the monolith. Despite having an efficient catalytic converter, the method was not efficient for 114 
mass production, due to the high production cost and complicated canning process. In the PS structure, the 115 
authors employed corrugated and flat metallic foils containing 8 mm diameters holes to facilitate radial flow 116 
inside the channels, which increased conversion and lowered backpressure. However, the differences in thermal 117 
expansions between metallic substrates and washcoat have minimised the usage of metal based catalytic 118 
converters in original equipment manufacturer (OEM) diesel engines, which makes ceramics the most 119 
promising material for such applications. 120 
 
Figure 2 Longitudinal Structure (left) and Perforated Structure (right) for enhanced mass flow in catalytic converter.[32, 33] 121 
3D printing has attracted more attention in recent years as a versatile and low-cost technology for rapid 122 
casting/prototyping of a variety of materials, including ceramics.[34, 35] Thanks to its almost unlimited axial 123 
flexibility, this technique enables rapid production of customised shapes, the design of which can vary through 124 
each of all three spatial dimensions. In the case of catalytic converter substrates, the versatility offered by 3D 125 
printing greatly increases the range and complexity of channel structures that are not available using 126 
conventional extrusion methods. A number of 3D printing techniques are suitable for ceramics, the choice of 127 
which is determined by whether the ceramic material is the form of slurry, powder, bulk solid or paste. Examples 128 
of available technologies for 3D printing of ceramics are liquid deposition modelling (LDM); laminated object 129 
manufacturing (LOM); for bulk solid/paste materials, stereolithography (SLA); digital light processing (DLP); 130 
two-photon polymerisation (TPP); ink-jet printing (IJP); direct ink writing (DIW) and three-dimensional 131 
printing (3DP) for slurry based materials; selective laser sintering (SLS); and selective laser melting (SLM) for 132 
ceramic powder[36]. Here we report the design and printing of substrate structures with greater complexity than 133 
those available in conventional honeycomb arrangements with straight channels and evaluate their performance 134 
in the catalytic oxidation of methane. 135 
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 136 
2. Experimental method 137 
2.1 Substrate 3D printing  138 
Small samples (Ø2.0 cm x H2.0 cm) were printed using cordierite precursors on a WASP 4070 ceramic 3D 139 
printer with nozzle diameter 0.7 mm. The technique for deposition of material is LDM (similar to robocasting), 140 
which consists of depositing layers of ceramic material (cordierite paste) until the model is formed. Cordierite 141 
was synthesised according to a solid-state reaction of cordierite precursors based on a composition available in 142 
literature[37, 38]. A paste was prepared by dry mixing of cordierite precursors in powder form according to 143 
Table 1, followed by adding water and ethylene glycol (20% of solid weight) with ratio 6:1. The mixture was 144 
kneaded until a uniform paste was formed. The paste was then used to print the substrates. 145 
Table 1 Composition of cordierite precursor for solid mixing. 146 
Compound Talc Kaolin Al2O3 B2O3 Cordierite 
Weight (%) 35.4 46.7 12.9 1.7 3.3 
 147 
Printed samples were dried at room temperature for 24 hours, heated at 1 °C.min-1 ramp rate and sintered at 148 
1200 ºC to form the cordierite phase. Subsequently, the substrates were washcoated according to the method 149 
described in section 2.2. The weight of washcoat on the substrates was adjusted to be around 0.1 g. 150 
 151 
2.2 Catalyst preparation 152 
The catalyst washcoat was chosen to be applicable to auto emission control. The catalyst contained Pd:Pt with 153 
1:1 ratio doped on Al2O3/HY zeolite and promoted by cerium, zirconium and titanium oxide. The zeolite used 154 
in this formulation was prepared using a geothermal silica source which we previously found to be active in 155 
methane oxidation[39]. This activity is attributed to the presence of sodium ions in the structure of the 156 
zeolite[40]. 157 
The washcoat catalyst was prepared according to the following procedure:  158 
- Support suspension: 1000 mg of support powder was prepared by mixing HY Zeolite, γ-Al2O3 (Sigma-159 
Aldrich, activated, neutral), TiO2 (Millennium PC500), CeO2 (Sigma-Aldrich, nanopowder <25nm particle 160 
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size), and ZrO2 (Sigma-Aldrich, 5µm, 99%) with mass ratio 12:3:3:1:1, respectively. 100ml of water was 161 
added to the solid powder and stirred, and the pH was adjusted to 11 by adding NH4OH solution.  162 
- Precious metal solution: 290 mg Pd(NO3)2.H2O (Alfa Aesar, 99.8%)and 283 mg K2PtCl4 (Precious Metals 163 
Online, 99 %), were dissolved in distilled water in two separate 50 ml volumetric flasks, followed by 164 
ultrasonic treatment for 15 min. Precious metal solution was added dropwise to the support suspension, 165 
stirred for 2 hours followed by ultrasonic treatment for 15 min. The resulting suspension was used as 166 
washcoat for the substrate. The solid powder was extracted from the catalyst suspension by filtration and 167 
converted to pellet form by compression, crushing and finally sieving.  168 
- Both catalyst pellets and washcoated 3D printed substrates were dried at 50 ºC for 24 hours and calcined at 169 
550 ºC for 8 hours. 170 
 171 
2.3 Catalyst characterisation 172 
X-ray diffraction (XRD) analysis of powder catalyst was performed at ambient conditions using a Panalytical 173 
X’Pert Powder diffractometer with Cu Kα radiation (λ = 1.5406 Å). The diffraction pattern was recorded in the 174 
range 5 to 120° with a step size 0.013 and step time 200 s, using an X-ray tube operated at 45 kV and 40 mA 175 
with fixed 4° programmable anti-scatter slit. Scanning electron microscopy (SEM) images were recorded using 176 
a ZEISS Supra 40VP microscope. Prior to imaging, the samples were sputter-coated with a thin layer of gold.  177 
Nitrogen adsorption/desorption measurement was carried out on a Micromeritics ASAP 2020 Surface Analyser 178 
at 77 K. Samples were degassed under vacuum (p < 10-5 mbar) for 3 hour at 300 °C prior to analysis. BET 179 
surface areas were calculated in the relative pressure range 0.05-0.30. 180 
 181 
2.4 Catalyst testing 182 
To investigate the effect of structure on substrate performance, washcoated samples were tested under similar 183 
conditions in methane oxidation. The feed contains 5 vol.% CH4, 10 vol.% O2, 85 vol.% He with GHSV of 400, 184 
800 and 1200 h-1. The weight of catalyst either in pellet form or on the substrate is 0.1 g. When in pellet form, 185 
the catalyst was mixed with glass beads, which acted as a diluent to prevent formation of hotspot zones on the 186 
catalyst by reducing its activity without affecting the fluid flow through the catalyst bed[41]. 187 
 188 
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2.5 CFD analysis 189 
The effect of structure on fluid dynamics, turbulence and backpressure was analysed using ANSYS Fluent v19.1. 190 
The fluid domain was meshed using a tetrahedron method with refined mesh near the walls (Figure 3). 191 
Realizable k-epsilon turbulence with default constants were used as a model. Air at room temperature and 192 
pressure was used as the fluid and cordierite as the solid material. Boundary conditions are as follow: inlet 193 
velocity 0.0066 m.s-1 (corresponding to GHSV=1200 h-1),   k (turbulent kinetic energy) = 0.0015 m2.s-2, ɛ 194 
(turbulence dissipation rate)=0.00679 m2.s-3  , outlet gauge pressure = 0 Pa, temperature = 20 °C. Equations to 195 





2        𝐼 = 0.16𝑅𝑒−
1







        𝑙 =0.07L 197 
where 𝐶𝑢 is an empirical constant specified in the turbulence model, which is approximately 0.09, and L is the 198 
diameter of the pipe. Number of nodes and elements are listed in Table 2. 199 
 200 
Table 2 Number of nodes and elements for different structures 201 
Structure Number of Nodes Number of Elements 
30 ° 1136074 5100584 
45 ° 1004929 4694231 
60 ° 1038631 4300399 
90 ° 1572989 2192526 
CPSI 400 248694 1468540 
 202 
 203 
Figure 3. Fluid domain mesh for CFD analysis. 204 
 205 
 206 
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3. Results and discussion 207 
3.1 Ceramic 3D printing 208 
SketchUp was used as the 3D modelling software to design the different structures. The structure is made of 209 
layers, which are printed at an offset angle to the preceding layer, and so on, vertically upwards (Figure 4). A 210 
conventional honeycomb substrate with straight channels was also designed for comparison purposes. The CAD 211 
(computer-aided design) were later used in slicing software to generate the g-code for 3D printing. 212 
General structure 30 ° 45 ° 
   
   
60 ° 90 ° CPSI 400 
   
 213 
Figure 4. General structure and cross sectional view of 3D printed ceramic substrates. 214 
 215 
       216 
Figure 5 3D printed substrates (Ø2.0 cm x H2.0 cm) with different layer rotation offset (after sintering). 217 
 218 
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Figure 5 shows optical images of 3D printed substrates with different rotation angles after sintering (but before 219 
washcoating). The SEM images of samples after washcoating are shown in Figure 6. Figure 6.a. shows SEM 220 
image of substrate with 45 ° offset angle. These samples show less open area, after washcoat, compared to 90 ° 221 
(Figure 6.b.) or the commercial sample (Figure 6.c.). Figure 6.d. shows the washcoat in more detail. It should 222 
be noted that the 3D printed monolith was prepared with relatively thick walls; this is due to limitations in 223 
extrusion of material through the nozzle using the LDM method. From SEM images on Figure 6, this value is 224 
around 0.59 mm, equivalent to CPSI 100. The wall thickness for the commercial substrate with CPSI 400 is 225 
0.18 mm which is 70% less than the 3D printed sample.   226 
Honeycomb monolith structures have been manufactured and tested by 3D printing of ceramic material 227 
especially cordierite using robocasting or LDM methods[43-45]. Other 3D printing methods such as DLP has 228 
shown promising results to manufacture structures with thinner walls and more details. However, material 229 
properties (e.g. ceramic particle size and resin formulation) or printing parameters (e.g. layer thickness and 230 
exposure time) need to be optimised for a successful print with desirable mechanical properties[46].   231 
  232 
   233 
Figure 6 SEM imaging of 3D printed substrates; a) 45 °, b) 90 °, c) commercial, d) catalyst washcoat on substrate. 234 
 235 
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3.2 Catalyst characterisation 236 
The properties of the fresh and used catalyst support powder, measured by nitrogen adsorption-desorption at 77 237 
K, are listed in Table 3. SBET is the surface area calculated by BET method, Vt is the total pore volume calculated 238 
at P/P*=0.98, Vmes is the volume of mesopores calculated using BJH method during desorption, Vmic is the 239 
volume of micro-pores calculated using t-plot method during desorption and dBJH is the average diameter of 240 
mesopores calculated using BJH method during desorption. Figure 7 illustrates the adsorption-desorption 241 
isotherm of the catalyst washcoat before and after reaction. The graph is consistent with typical type IV 242 
adsorption isotherm with H3 hysteresis. Such isotherms are normally for aggregates of plate-like particles that 243 
form slit-like pores[47]. Overall, there were slight decreases in porosity characteristics, particularly so for Vmic 244 
which may have been caused by carbon deposition and/or metal nanoparticles sintering within the micropores. 245 
Table 3 Physical properties of catalyst support powder measured by N2 adsorption-desorption at 77 K. 246 
 𝑆𝐵𝐸𝑇(m2.g-1) 𝑉𝑡(m3.g-1) 𝑉𝑚𝑒𝑠 (m3.g-1) 𝑉𝑚𝑖𝑐 (m3.g-1) 𝑑𝐵𝐽𝐻  (nm) 
Fresh 363 0.44 0.28 0.16 14.3 
Used 311 0.36 0.27 0.09 13.7 
 247 
 248 
Figure 7 N2 adsorption/desorption isotherms of fresh and used (TOS = 90 h) catalyst support powder. 249 
Figure 8 shows the the XRD pattern of catalyst washcoat before and after impregnation. The XRD confirms the 250 
characteristic crystallinity of Faujasite type zeolite, Al2O3, CeO2 and ZrO2; the TiO2 peaks are not visible due 251 
to their relatively weak intensities, low concentration of TiO2 in the overall sample and overlap with other 252 
reflections. There was a noticeable decrease in the peak intensities for zeolites. This is due to the partial 253 
structural decay of zeolites resulting from the metal impregnation and additional associated calcination step. 254 
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practically no change observed in the d–spacing values of the zeolite, which proves that the zeolitic crystalline 256 
structure was unchanged after impregnation. Figure 9 shows TEM images of fresh catalyst washcoat and after 257 
90 hours consecutive stability testing. The stability tests were conducted using a reactant stream comparable to 258 
an engine exhaust stream, including the presence of steam i.e. 450 °C, 5% CH4, 20% O2, 3% CO, 7% CO2, 6% 259 
H2O, GHSV 1200 h-1). Although slight sintering is observed for only very fine particles, the metal particles size 260 
has not been changed significantly. This confirms the catalyst stability against sintering for an extended time. 261 
 262 
Figure 8 XRD pattern of catalyst support powder, before and after precious metals impregnation. 263 
 264 
  265 
Figure 9. TEM images of catalyst washcoat, a) fresh catalyst (left); after 90 hours stability test (right). 266 
 267 
3.3 Methane oxidation 268 
Methane was practically unreactive from 200-250 °C, while the conversions increased continuously thereafter 269 
from 250 °C. Figure 10a-c show that the pellets are catalytically active and that no significant change in activity 270 
was observed at different GHSVs. 271 
      
 




Figure 10 Effect of structure on methane conversion; a) GHSV 400 h-1, b) GHSV 800 h-1, c) GHSV 1200 h-1 (CH4: 5%, O2: 10%, He: 274 
85%). 275 
 276 
All 3D printed substrates showed superior catalytic activity than the conventional CPSI 400 structure. For 277 
instance, at 510 °C and GHSV of 1200 h-1, methane conversion is 12.6% on the commercial structure, while 278 
this value is 72.6% for the 90 ° structure, 80.1% for both 30 ° and 45 °, and 89.6% for the 60 °. Another 279 
interesting observation is the effect of GHSV on performance of 3D printed substrates. At low GHSV (e.g. 400 280 
h-1), all 3D printed substrates have a very similar conversion at temperature range of 350-510 °C, however, 281 
increasing the flow rate influenced their catalytic performance. For example, at GHSV of 1200 h-1 the 30 ° 282 
structure shows better conversion at the temperature range of 300-450 °C, while the 60 ° structure shows the 283 
highest conversion at temperatures above 450 °C. At high velocities, the 90 ° structure, which is the most similar 284 
in structure to the conventional substrate, shows the lowest activity compared to the other 3D printed structures. 285 
In general, these results clearly show that increasing complexity of the channel structure in the 3D printed 286 
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Incidentally, the catalyst activity was lower when washcoated on the substrates, relative to pellets, due to the 288 
void volume and heat transfer into the substrate, which lowered the overall catalyst temperature. 289 
The increased catalytic activity is also rationalised by the higher surface areas in the 3D printed substrates (Table 290 
4), which result from the unique arrangement of 3-dimensionally oriented layers, thereby exposing a higher 291 
proportion of substrate to the external surface. To keep the experimental conditions same, the amount of catalyst 292 
loading on the substrate kept similar (e.g. around 0.1 mg).  293 
The preparation of a substrate with lower wall thickness and higher CPSI using more advanced 3D printing 294 
technology, e.g. SLA or DLP, will improve the catalytic performance; such trials are currently under 295 
investigation by the authors. 296 
Table 4. Relation between structure and physical properties of the substrates (wall thickness of 3D printed substrate = 297 
0.59 mm, wall thickness of commercial substrate = 0.18 mm). 298 
Structure Surface Area (m2.L-1) Weight of washcoat (mg) Weight of substrate (mg) 
30 ° 3.628 0.104 8.538 
45 ° 3.633 0.103 8.407 
60 ° 3.630 0.104 8.286 
90 ° 3.629 0.095 7.755 
CPSI 400 2.876 0.097 2.285 
 299 
Figure 11 compares the velocity magnitude vectors for both conventional and 3D printed structures. Generally, 300 
the 3D printed structure benefits from a higher velocity magnitude and therefore higher turbulence inside the 301 
channels. The dark blue colour represents low velocity vectors, which mostly occurs near the walls, while orange 302 
and red colours represent high velocity vectors which occurs in the centre of the channels. These regions (orange 303 
and red colours) do not exist for commercial substrates and are in the order 30 ° > 45 ° > 60 ° > 90 ° for the 3D 304 
printed substrates. Therefore, we tentatively assign the higher conversion of methane over the 30 ° substrate in 305 
the temperature range of 300-450 °C to its higher turbulence at this GHSV. It should be noted that the 60 and 306 
90 ° exhibit a lower degree of irregularity compared to 30 ° and 45 °. 307 
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    308 
    309 
 310 
Figure 11. Frontal view of velocity magnitude vectors in the fluid domain for different substrate structures (Fluid: air at 25 °C; GHSV: 311 
1200 h-1). 312 
Turbulent kinetic energy is used to represent the intensity of turbulence in a given region. Figure 12 illustrates 313 
the turbulent kinetic energy vector inside the channels across the flow direction. While this value is relatively 314 
small (blue colour) and mainly in one direction for the conventional structure, higher turbulent kinetic energy 315 
and in different directions is observed for the 3D printed structures. Orange and red vectors are close to the 316 
walls, especially where the walls intersect. This is due to the rotation of the wall across the z-axis which leads 317 
to the formation of a complex structure. It also can be concluded that the magnitude of turbulent kinetic energy 318 
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is less for more regular structures (e.g. 60 ° or 90 °). The distribution of turbulent kinetic energy is also more 319 
uniform for such structures. 320 
 321 
     322 
     323 
 324 
Figure 12. Profile of the turbulent kinetic energy vector inside the channels (GHSV=1200 h-1). 325 
 326 
Static pressure profile across the z-axis of substrates is shown in Figure 13. The maximum change in static 327 
pressure is observed for the more complex structures, particularly the 30 ° and 45 °, which provide the most 328 
turbulence. Pressure drops over 60 ° and 90 ° structures are milder compared to the 30 ° and 45 ° structures but 329 
still more than that for the straight-channelled conventional structures.  330 
      
 





Figure 13 Static pressure profile across the substrate with different structures (GHSV=1200 h-1). 334 
 335 
3.4 Backpressure measurement 336 
An experimental method was used to measure the backpressure over different structures at different air inlet 337 
velocities. Figure 14 compares the backpressure over different substrate structures for the inlet velocity up to 338 
1.0 m.s-1. As expected, the 3D printed structures show higher backpressure compared to the conventional 339 
substrates with straight channels. This is due to induced turbulence in these structures, which causes irregular 340 
fluctuations and mixing, in contrast to the laminar flow regime with higher velocity inside the straight channels. 341 
The backpressure is much less for the structures with more regularity (e.g. 60 ° and 90 °). This is in line with 342 
the CFD analysis results where the 30 ° and 45 ° structures exhibited more turbulence.  343 
The highest contribution to backpressure in a real diesel engines is from the diesel particulate filter (DPF) in the 344 
after treatment system. The maximum recommended exhaust backpressure by VERT (Verification of Emission 345 
Reduction Technologies) for DPF varies. The values are 40 kPa for engines with less than 50 kW power, 20 346 
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kPa for 50-500 kW engines and 10 kPa for engines with power more than 500 kW[48]. The results in Figure 14 347 
suggest that backpressure for the 60 ° and 90 ° are close to that for the commercial substrate, which makes these 348 
structures suitable for commercial applications. 349 
 350 
Figure 14 Effect of inlet gas velocity on backpressure over different structures. 351 
 352 
4. Conclusions 353 
Catalytic converter substrates prepared by 3D printing of cordierite showed improved catalytic activity in 354 
methane oxidation relative to a conventional commercial honeycomb structure. It was shown that the substrates 355 
with irregular structures had higher conversion due to the higher turbulent kinetic energy in these structures. 356 
The findings provide proof of concept evidence that 3D printing is a suitable means of designing a catalytic 357 
converter prototype with higher reaction activity than currently available. The findings have implications for 358 
the design and potential mass production of new catalytic materials. 359 
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